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Abstract: Parkinson’s disease (PD) is the second most common neurodegenerative disorder worldwide. Its core pathological features
comprise the selective loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc), abnormal aggregation of
a-synuclein (a-syn) into Lewy bodies, and progressive amplification of neuroinflammation, mitochondrial dysfunction, oxidative
stress and lipid metabolism disorders. As a key bioactive sphingolipid, sphingosine-1-phosphate (S1P) is synthesized by sphingosine
kinase 1 (SPHK1) and regulates immune activation, cell survival and inflammatory responses through intracellular signaling and
binding to S1P receptors (S1PR1-5). Nuclear factor-kB (NF-kB) is a key transcription factor closely implicated in the regulation of
neuroinflammatory responses, modulating pro-inflammatory cytokine release, microglial polarization and neuronal apoptosis.
Cumulative clinical and preclinical studies have verified elevated S1P levels and activated SPHK1 in PD patients, accumulating
data support a correlative link between the S1P/SPHKI1-NF-«kB signaling axis and a-syn pathology, microglial overactivation,
neuroinflammation and dopaminergic neuron degeneration, while multiple mechanistic ambiguities remain unresolved, though several
mechanistic ambiguities and translational hurdles remain unaddressed. This review systematically outlines the molecular basis and
cell-specific mechanisms of this axis, its crosstalk with a-syn aggregation, mitochondrial damage, blood-brain barrier (BBB) leakage
and gut-brain axis disturbance during PD progression. We further objectively summarize the potential of this axis as auxiliary
diagnostic biomarker and druggable therapeutic target, alongside prominent bottlenecks including insufficient detection standardiza-
tion, interspecies drug response discrepancy and unsatisfactory clinical transformation of preclinical compounds, as well as pending
core scientific questions restricting subsequent research advancement. Collectively, this review provides a balanced theoretical
framework for exploring PD pathogenesis and developing precise therapy, with critical discussion on existing limitations to guide
follow-up basic and translational investigations.
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Introduction

Parkinson’s disease (PD) is a highly prevalent movement disorder in the middle-aged and elderly population. It is
characterized by cardinal motor symptoms including resting tremor, rigidity, bradykinesia and postural balance impair-
ment, together with a wide spectrum of non-motor manifestations such as cognitive decline, depression, sleep dis-
turbances and autonomic nervous system dysfunction. With the progressive aging of the global population, the incidence
of PD continues to rise, placing a heavy burden on social healthcare and family caregiving.' To date, the exact etiology
and pathogenesis of PD have not been fully elucidated, and the traditional single-factor hypothesis focusing merely on
dopaminergic neuron loss fails to explain the multisystem involvement, progressive deterioration and heterogeneous
characteristics of this disease. Current academic consensus indicates that PD arises from a complex pathological network
driven by the interaction of multiple risk factors, including genetic susceptibility, environmental toxin exposure, aging,
gut microbiota dysbiosis, neuroinflammation, protein misfolding, mitochondrial defects and lipid metabolism imbalance.
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Among them, chronic neuroinflammation-related neurodegenerative cascade is hypothesized to serve as one important
linking factor across diverse pathogenic contributors and promotes the spread of pathological lesions from the local
substantia nigra to the whole brain.>”

Neuroinflammation exerts a dual-edged sword effect in PD. Under physiological conditions, moderate activation of
microglia and astrocytes contributes to clearing a-syn aggregates, repairing damaged neurons and maintaining central
nervous system (CNS) homeostasis. However, in the pathological microenvironment of PD, persistent stimulation by
pathological a-synuclein preformed fibrils (o-syn PFFs), damage-associated molecular patterns (DAMPs) released from
injured mitochondria, and gut microbiota translocation products induces the emergence of pro-inflammatory reactive
microglia and the transformation of astrocytes into reactive Al subtype. These activated glial cells secrete abundant pro-
inflammatory cytokines, such as tumor necrosis factor-a (TNF-a), interleukin-1p (IL-1p), IL-6 and interferon-y (IFN-y),
and trigger the activation of core inflammatory cascades including nuclear factor-kB (NF-kB), mitogen-activated protein
kinase (MAPK) and NOD-like receptor pyrin domain-containing protein 3 (NLRP3) inflammasome, ultimately accel-
erating dopaminergic neuronal apoptosis, synaptic loss and Lewy body propagation.*®

Importantly, an unresolved critical debate persists regarding whether neuroinflammation acts as an initiating causal
trigger or a secondary downstream consequence in PD pathogenesis. A body of preclinical evidence supports that
isolated sustained microglial overactivation is capable of initiating nigral dopaminergic degeneration and de novo a-syn
aggregation, favoring the causal role of inflammation.”® In contrast, multiple human postmortem analyses and long-
itudinal clinical cohort studies observe obvious neuroinflammatory infiltration occurs subsequent to neuronal injury and
abnormal o-syn deposition, suggesting inflammation develops secondarily in response to pre-existing cellular damage.’
Such conflicting findings hinder the clarification of PD pathological sequence and highlight the necessity to dissect key
signaling bridges linking metabolic disturbance and neuroinflammation. In this context, identifying the pivotal signaling
axis connecting lipid metabolism disturbance and neuroinflammation has become a core breakthrough to decipher the
complex pathological network of PD and develop neuroprotective as well as disease-modifying therapies.

As an essential regulatory system for cell membrane structure and signal transduction, sphingolipid metabolism plays
a fundamental role in CNS development, immune modulation, neuronal survival and synaptic plasticity. Dysfunction of
sphingolipid homeostasis is closely implicated in multiple neurodegenerative diseases, such as Alzheimer’s disease, PD
and multiple sclerosis.'®'" As a core bioactive sphingolipid metabolite, SIP is produced via the phosphorylation of
sphingosine catalyzed by sphingosine kinase 1 (SPHK1)/SPHK2. SPHK1 and SPHK?2 exert distinctly divergent physio-
logical and pathological functions: physiologically, membrane-localized SPHK1 responds rapidly to extracellular stimuli
to mediate inducible signaling, while nucleus- and mitochondria-enriched SPHK2 maintains constitutive basal S1P levels
to regulate regular cell cycle and mitochondrial homeostasis; pathologically, only SPHK1 undergoes dramatic upregula-
tion and phosphorylation upon inflammatory and toxic stimulation to produce excessive proinflammatory S1P, whereas
SPHK?2 expression and enzymatic activity remain nearly unchanged under PD-related pathological conditions and barely
participate in neuroinflammatory amplification.'*'?

Through intracellular direct actions and extracellular binding to sphingosine-1-phosphate (S1P) receptors (S1PR1-5),
S1P regulates cell proliferation, migration, apoptosis, inflammatory responses and vascular permeability.'* SPHK1 is
mainly localized on the plasma membrane and can be rapidly activated in response to inflammation, oxidative stress and
growth factors, acting as a crucial inflammation-driven enzyme for S1P synthesis. In contrast, SPHK2 is primarily
distributed in the nucleus and mitochondria and participates in cell cycle regulation and apoptosis. The two isoforms
exhibit distinct differences in cellular distribution, functional modulation and pathological roles in the CNS."*"'¢ NF-xB
is an evolutionarily conserved transcription factor family composed of heterodimers such as p50/p65 and p52/RelB.
Under resting conditions, NF-«xB is sequestered in the cytoplasm by binding to IkB proteins. Upon stimulation by pro-
inflammatory cytokines, DAMPs and lipid signals, the IkB kinase (IKK) complex induces IkB phosphorylation and
degradation, allowing NF-xB dimers to translocate into the nucleus and bind to the kB sequences on target gene
promoters, thereby initiating the transcription of pro-inflammatory cytokines, chemokines, adhesion molecules and anti-
apoptotic proteins. As a master switch of central neuroinflammation, excessive NF-kB activation is directly correlated

with nigral dopaminergic neuron death and a-syn pathological propagation in PD.'”
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In recent years, numerous landmark studies have demonstrated significantly elevated S1P levels in the cerebrospinal
fluid of PD patients. The protein expression and enzymatic activity of SPHK1 are markedly upregulated in the substantia
nigra and striatum in a strictly microglia-specific manner.'” Pathological a-syn PFFs specifically induce SPHKI
phosphorylation at the Ser225 site in microglia, with no obvious regulatory effects on SPHK1 in neurons and astrocytes,
nor significant alterations in SPHK2 expression across different cell types. Further mechanistic studies based largely on
cellular and rodent models have validated that S1P generated by SPHKI1 acts as a co-activator of TNF receptor-
associated factor 2 (TRAF2), enhances its E3 ubiquitin ligase activity, facilitates IKK complex activation and IkB
degradation, and promotes NF-kB nuclear translocation and pro-inflammatory transcriptional activation, which contri-
butes to the formation of the SIP/SPHK1-NF-kB inflammatory signaling axis.'® This axis participates in the shift of
microglia toward pro-inflammatory reactive status and can amplify neuronal oxidative stress via paracrine effects under
experimental conditions, facilitate a-syn phosphorylation at the Ser129 site and insoluble aggregation, impair blood—
brain barrier (BBB) integrity, and aggravate peripheral immune cell infiltration. Collectively, these events may constitute
a pathological closed loop of “microglial activation-neuroinflammation-neuronal damage-a-syn propagation” in precli-
nical systems, which is regarded as one plausible nodal connection linking lipid metabolism disorder, neuroinflammation
and proteinopathy in PD pathogenesis, while sufficient human pathological evidence to confirm such a central role is still
lacking.'7'%-2

Based on the cutting-edge advances in PD research, this review focuses on the S1P/SPHKI-NF-kB axis and
elaborates from five dimensions: molecular foundation, cell-specific regulation, pathological network crosstalk, clinical
transformation and therapeutic prospects. By integrating the latest evidence from clinical samples, animal models, cell
experiments and multi-omics data, we construct a three-dimensional regulatory network of this axis in PD onset and
progression, and analyze its crosstalk with classic PD pathological mechanisms, including a-syn pathology, mitochon-
drial dysfunction, oxidative stress, gut-brain axis disorder and BBB damage. Meanwhile, we summarize the research
progress of targeted drugs and the biomarker potential of this axis, as well as current bottlenecks in clinical application.
This review provides comprehensive and frontier theoretical references for mechanistic innovation and precise treatment
of PD (Figure 1).

Molecular Basis and Regulatory Features of the SIP/SPHKI-NF-kB Axis
SIP Metabolic Network and the Structure, Activation, and Functional Differentiation

of SPHKI

S1P is a monophosphorylated sphingosine (Sph) derivative generated through the hydrolysis of sphingomyelin (SM) by
sphingomyelinase (SMase) to produce ceramide (Cer), followed by catalysis via ceramidase (CDase) to form Sph, and
final phosphorylation by SPHK1/SPHK?2. Its metabolic balance is maintained by synthases (SPHK1/2), degrading
enzymes (S1P lyase [S1PL], SI1P phosphatase [SGPP1/2]), and transporters (SPNS lysolipid transporter 2, sphingo-
sine-1-phosphate transporter 2 [Spns2], major facilitator superfamily domain containing 2B [Mfsd2b]), forming
a sphingolipid biostat of “ceramide-Sph-S1P”. Imbalance in this homeostasis directly determines cell survival and
inflammatory phenotypes.”’ ** Ceramide tends to induce apoptosis, oxidative stress, and inflammatory activation,
whereas S1P mainly mediates cell survival, migration, and bidirectional anti-inflammatory/pro-inflammatory regulation,
serving as a key lipid marker of pathological states in the CNS.

As a critical rate-limiting enzyme for S1P synthesis, SPHK 1 belongs to the dihydrosphingosine kinase family, with its
encoding gene located on chromosome 17 and a protein molecular weight of approximately 43 kDa. It contains an N-
terminal catalytic domain, a C-terminal regulatory domain, and a membrane-binding region, and its activation mechan-
ism is characterized by multi-signal integration: under resting conditions, SPHK1 exists in an inactive form in the
cytoplasm. Upon stimulation by inflammatory factors (TNF-a, IL-1f), growth factors (platelet-derived growth factor
[PDGF], epidermal growth factor [EGF]), oxidative stress, pathological a-syn, lipopolysaccharide (LPS), etc., SPHK1
undergoes conformational change and translocates to the inner side of the cell membrane via phosphorylation at Ser225
mediated by upstream kinases such as protein kinase C (PKC), extracellular regulated protein kinases (ERK), and
phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt), then binds to Sph substrate to rapidly catalyze S1P
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Figure | Mechanism of SI1P/SPHKI-NF-kB signaling axis regulation of pathological progression in PD. Multiple pathogenic stimuli specifically activate the microglial SPHK -
SIP pathway, which mediates NF-kxB activation via TRAF2, drives glial transition toward pro-inflammatory reactive status, amplifies neuroinflammatory cascades, induces
dopaminergic neuron damage, a-syn pathology propagation and BBB disruption, forming a pathological loop that ultimately leads to motor and non-motor symptoms of PD.
Of note, resting homeostatic microglia present ramified morphology, while pro-inflammatory reactive microglia shift to amoeboid morphology upon pathological stimulation,
consistent with typical morphological characteristics of microglial transformation.

production. In addition, SPHK1 stability and activity are regulated by post-translational modifications including
ubiquitination, acetylation, and SUMOylation, among which TRAF2-mediated K63 ubiquitination is a key step for its
activation and binding to the NF-kB signaling complex.”*** In contrast to SPHK1, SPHK?2 is mainly localized in the
nucleus, mitochondria, and endoplasmic reticulum; its activation depends on cell cycle and metabolic signals, and the
S1P it catalyzes is primarily involved in nuclear receptor regulation, mitochondrial respiration, and apoptosis. SPHK2
plays a weak role in inflammatory regulation in the CNS and shows no significant expression changes in PD pathology.
The distinct cellular localization, activation mechanisms, and functional differentiation of SPHK1/SPHK?2 determine the
specific regulatory role of the S1P/SPHK 1-NF-kB axis in PD neuroinflammation.'*2

Signal transduction of SIP in the CNS occurs via intracellular and extracellular pathways: in the intracellular
pathway, S1P acts directly as a second messenger, binding to intracellular proteins such as TRAF2, protein phosphatase
2A (PP2A), and histone deacetylase 1 (HDACI1) to regulate signaling pathways including NF-xB, MAPK, and
mammalian target of rapamycin (mTOR), among which the S1P-TRAF2 interaction represents one important intracel-
lular pathway facilitating NF-kB activation. In the extracellular pathway, S1P is secreted extracellularly via the Spns2

transporter and binds to SIPR1-5 G protein-coupled receptors on the cell membrane,?'

activating downstream signals
through G protein subtypes such as Gi, Gq, and G12/13. SIPR1 is mainly expressed in microglia, vascular endothelial
cells, and lymphocytes, mediating immune cell migration, BBB integrity, and microglial activation; SIPR3 is primarily
involved in pro-inflammatory polarization of microglia. These two are the main receptor subtypes through which SI1P
regulates central neuroinflammation. Notably, S1P in the CNS is mainly synthesized and secreted by microglia and
astrocytes, with weak synthetic capacity in neurons. This cell-source specificity further establishes microglia as the core

regulatory cells of the S1P/SPHK 1-NF-kB axis.*'*"
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Canonical and Non-Canonical Activation of the NF-«kB Signaling Pathway and Central

Neural Regulation

The NF-xB family comprises five members: RelA (p65), RelB, c-Rel, p50 (NF-kB1), and p52 (NF-kB2), which exert
transcriptional regulatory functions by forming homodimers/heterodimers. Among them, the p50/p65 heterodimer is the
most predominant active form in the CNS, responsible for regulating the expression of most pro-inflammatory genes.*°
NF-kB activation is divided into the canonical pathway and the non-canonical pathway: the canonical pathway is the core
activation mode of PD neuroinflammation, initiated by stimuli such as TNF-a, IL-1p, LPS, a-syn preformed fibrils (a-syn
PFFs), and S1P. It recruits TRAF2/6 via cell membrane receptors (TNF receptor 1 [TNFR1], IL-1 receptor [IL-1R)], Toll-
like receptor 4 [TLR4]) to activate the inhibitor of NF-kB kinase (IKK) complex (IKKa, IKKP, NF-kB essential
modulator [NEMO]). IKKB phosphorylates IkBa at Ser32/36, leading to IkBa degradation via the ubiquitin-
proteasome pathway. The released p50/p65 dimer rapidly translocates into the nucleus, binds to the 5'-
GGGRNNYYCC-3' kB motif in target gene promoters, and initiates transcription of pro-inflammatory factors including
TNF-a, IL-1B, IL-6, inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), and chemokines (C-C motif
chemokine ligand 2 [CCL2], C-X-C motif chemokine ligand 10 [CXCL10]). It also upregulates anti-apoptotic proteins
(B-cell lymphoma-2 [Bcl-2], X-linked inhibitor of apoptosis protein [XIAP]) to maintain microglial survival and
establish a persistent inflammatory state.*'*? The non-canonical pathway relies on NF-kB-inducing kinase (NIK) and
IKKoa, mainly regulating lymphocyte development and secondary lymphoid organ formation, with limited roles in PD
neuroinflammation.*

In the CNS, NF-kB activation exhibits strict cell specificity and spatiotemporal characteristics: under physiological
conditions, NF-kB in neurons maintains low-level basal activity, participating in synaptic plasticity, learning and
memory, and neuronal survival regulation;** as central innate immune cells, microglia have an NF-kB pathway highly
sensitive to pathological stimuli, serving as the main source of neuroinflammation;>> NF-kB activation in astrocytes
mediates reactive gliosis and pro-inflammatory factor release, amplifying inflammatory signals.**>” In the pathological
microenvironment of PD, excessive NF-kB activation displays dual toxicity: sustained NF-kB activation in microglia
drives the transition toward a pro-inflammatory neurotoxic reactive state, releasing large amounts of neurotoxic factors
that directly damage dopaminergic neurons; abnormal NF-kB activation in neurons induces the expression of pro-
apoptotic proteins (Bcl-2-associated X protein [Bax], cysteinyl aspartate-specific proteinase 3 [Caspase-3]), exacerbating
mitochondrial dysfunction and oxidative stress, while promoting a-syn phosphorylation and aggregation.*®~°
Furthermore, NF-kB participates in PD pathological processes by regulating autophagy, mitophagy, endoplasmic
reticulum stress, and other pathways. Its activity imbalance is a key molecular switch for central neuroinflammation
shifting from physiological defense to pathological damage.

Core Molecular Mechanism of the SIP/SPHK|-NF-xB Axis

The core regulatory mechanism of the SIP/SPHKI1-NF-kB axis is that SIP generated by SPHK1 activation directly
mediates the cascade activation of the NF-kB canonical pathway, constructing a complete signal transduction chain from
upstream pathological stimuli to downstream inflammatory output. This process shows high specificity and efficiency in
microglia. As a typical damage-associated molecular pattern (DAMP), a-syn PFFs serve as the core pathological
molecule of PD, which can be recognized and bound by multiple receptors on the microglial membrane, such as
TLR4, cluster of differentiation 36 (CD36), P2X7 and Fc gamma receptor (FcyR), thereby further activating intracellular
signaling pathways including PKC, ERK and PI3K/Akt. These pathways directly catalyze SPHK1 phosphorylation at
Ser225, promoting the translocation of inactive cytoplasmic SPHKI1 to the inner cell membrane and synchronously
upregulating SPHK 1 gene transcription and protein expression.'”**** This activation process has strict cell selectivity:
a-syn PFFs only induce SPHK1 activation in microglia, with no obvious regulatory effect on SPHK1 in neurons and
astrocytes, nor do they alter SPHK2 expression levels. This specificity stems from the high expression of a-syn
recognition receptors and SPHK1 upstream activating kinases in microglia, laying the foundation for the cell-specific

regulation of this axis.'’
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Activated membrane-bound SPHK1 rapidly catalyzes Sph to produce S1P. Intracellular S1P directly binds to the C-
terminal RING domain of TRAF2, enhancing TRAF2 E3 ubiquitin ligase activity via allosteric activation, and promoting
the association of TRAF2 with the IKK complex and NEMO to form the TRAF2-S1P-IKK signaling complex, which
constitutes the core intracellular mechanism underlying S1P-mediated NF-kB activation.'®?° Meanwhile, microglia
secrete excess S1P extracellularly via the Spns2 transporter, which acts on SIPR1/S1PR3 on the surface of themselves
and adjacent microglia, astrocytes, and vascular endothelial cells. This further amplifies SPHK1 activation and inflam-
matory signals through the Gi/ERK and Gg/nuclear factor of activated T cells (NFAT) pathways, forming dual positive
feedback loops of autocrine and paracrine signaling.*>**® The SIP-TRAF2 complex significantly improves the phosphor-
ylation activation efficiency of IKKp, accelerates the phosphorylation and ubiquitin-dependent degradation of IxBa at
Ser32/36, and releases the p50/p65 dimer from cytoplasmic inhibition for rapid nuclear translocation.'®*”*® During this
process, SIP also directly inhibits PP2A activity, reducing p65 dephosphorylation, prolonging the nuclear retention time
and transcriptional activity of NF-kB, preventing its rapid inactivation, and thus sustaining persistent pro-inflammatory
gene expression.*’

Nuclear p50/p65 dimers bind to kB binding sites in the promoter regions of pro-inflammatory genes, upregulating the
transcription and expression of key molecules including TNF-a, IL-1p, IL-6, iNOS, COX-2, and CCL2.%° These pro-
inflammatory factors and chemokines further activate surrounding glial cells and infiltrating peripheral immune cells, and
continuously activate the SPHK1-NF-kB axis through positive feedback, ultimately driving the progression of chronic
neuroinflammation and progressive loss of dopaminergic neurons.”’ Meanwhile, S1P activates the PI3K/Akt pathway via
S1PR1, catalyzing p65 phosphorylation at Ser536 to enhance its transcriptional activity and further amplify inflammatory
signals.’>** As a metabolic precursor of SIP, ceramide exerts an antagonistic effect on the S1P/SPHK 1-NF-kB axis by
inhibiting SPHK1 activity, activating PP2A, and stabilizing IkB, indicating that the balance of sphingolipid metabolic

homeostasis directly determines the activation intensity and duration of this axis.>*>

Cell Specificity and Regional Distribution Characteristics of the SIP/SPHKI-NF-xB

Axis in the CNS

The regulation of the SIP/SPHK1-NF-kB axis in the CNS is not uniformly distributed, but exhibits cell-type specificity
(Table 1), brain region specificity, and age dependence. This distributional difference directly determines the selective
vulnerability of PD pathology. The substantia nigra pars compacta (SNpc), the core brain region affected in PD, shows
significantly higher axis activation intensity in microglia and dopaminergic neurons than the cortex, hippocampus, and
other brain regions, serving as an important molecular basis for the selective damage of dopaminergic neurons.'’

In terms of cell types, microglia are prominent cellular contributors to axis function and constitute a major source of
S1P synthesis and secretion under pathological conditions based on preclinical findings: microglia highly express axis-
related molecules such as SPHK1, SIPR1/S1PR3, and TLR4/CD36, respond rapidly to stimuli including a-syn PFFs and
pro-inflammatory factors, and have the highest efficiency of SPHK1 activation and NF-kB nuclear translocation, acting
as the primary initiators and amplifiers of neuroinflammation.’® Astrocytes express moderate levels of SPHK1 and S1PR,
mainly receiving S1P and pro-inflammatory factors released by microglia via paracrine signaling to activate NF-xB and
transform into reactive Al subtypes. They release neurotoxic factors such as IL-la, Clq, and TNF-a to exacerbate
neuronal damage, and secrete chemokines to recruit peripheral immune cells and expand the inflammatory scope.’”>®
Neurons express low levels of SPHK1, and a-syn PFFs cannot induce SPHK1 activation in neurons; however, neuronal
cell membranes express SIPR1/S1PR3, which can receive S1P and pro-inflammatory factors released by microglia to

Table | Cell-Specificity and Functional Characteristics of the SIP/SPHKI-NF-kB Axis

Cell Type SPHKI Expression Major SIPR Subtypes | NF-kB Activation Level
Microglia®® High, specifically activatable by a-syn PFFs SIPRI, SIPR3 Strongest
Astrocytes® ™8 Moderate SIPRI Moderate
Dopaminergic neurons®”¢' Low, not activatable by a-syn SIPRI, SIPR3 Weak

Vascular endothelial cells®>¢? Low SIPRI Moderate

https:

Journal of Inflammation Research 2026:19




Kong et al

activate the intracellular NF-kB pathway, inducing oxidative stress, mitochondrial damage, and apoptosis, while
promoting a-syn Serl29 phosphorylation and aggregation, making neurons direct target cells of inflammatory
damage.’®®' Vascular endothelial cells express SIPR1 and NF-kB; activation of the S1P/SPHK 1-NF-kB axis disrupts
the expression of tight junction proteins (zonula occludens-1 [ZO-1], occludin) in the BBB, increases vascular perme-
ability, and promotes the infiltration of peripheral monocytes and T cells into the brain parenchyma, further exacerbating
neuroinflammation.**%3

In terms of brain region distribution, PD-vulnerable regions such as the SNpc, ventral tegmental area (VTA), and
striatum have higher microglial density, stronger basal SPHK1 expression and activation potential, and dopaminergic
neurons are significantly more sensitive to oxidative stress and inflammatory factors than other neuron types. Thus, it is
speculated that the activation intensity of this axis in the substantia nigra is much higher than that in non-vulnerable brain
regions such as the cortex and cerebellum.®**® Meanwhile, dopaminergic neurons in the substantia nigra are rich in iron
ions, prone to mitochondrial dysfunction, and have higher oxidative stress levels; oxidative stress further activates
SPHK 1 and NF-kB, ultimately leading to the selective loss of dopaminergic neurons in the substantia nigra.®” In addition,
as a major risk factor for PD, aging markedly enhances the activation sensitivity of the SIP/SPHK1-NF-kB axis by
upregulating SPHK1 expression in microglia, reducing the activity of sphingolipid-degrading enzymes, and elevating
basal NF-kB activity, thereby accelerating age-related neuroinflammation and neurodegeneration.®*’

Current understanding of signal transmission of the S1P/SPHKI1-NF-kB axis between glial cells and neurons is
dominated by the microglia-centered paracrine amplification model. Recent studies confirm that a-syn PFFs treatment
specifically increases SPHK1 expression and activates SPHK1 in microglia, while SPHK?2 shows no significant changes
in any cell type. This cell specificity provides a molecular basis for the spatial heterogeneity of the axis.!”*¢ Using spatial
transcriptomics, researchers have found significantly elevated S1P levels in the substantia nigra and striatum, with
SPHK1 being the most significantly upregulated gene related to the “Sph metabolic process”. Furthermore, microglial
SPHK1 knockdown or treatment with the specific inhibitor PF543 significantly alleviates a-syn PFFs-induced neuro-
pathological changes, indicating that microglia are the core cell type for the axis to function in the substantia nigra.'"-**7°
Deciphering this spatiotemporally dependent glia-neuron interaction heterogeneity will provide a theoretical basis for
precise interventions targeting specific cells and brain regions (Figure 2).

Commonly adopted PD models including toxin-induced MPTP models and transgenic animals have inherent draw-
backs: these artificial experimental systems cannot fully recapitulate the slow, multifactorial progression of spontaneous
human PD, which partly accounts for conflicting experimental conclusions regarding the pathogenic weight of S1P/
SPHK1-NF-kB cascade. Most target compounds exert favorable neuroprotective effects in preclinical tests, while
numerous candidates end up with ineffective or negative outcomes in early clinical trials, reflecting prominent transla-
tional obstacles from preclinical research to clinical medication development.

Driving Roles of the SIP/SPHKI-NF-kB Axis in Core Pathological
Progression of PD
Activation of the SIP/SPHKI-NF-xB Axis Mediates Aberrant Microglial Polarization

and a Vicious Cycle of Neuroinflammation

As the innate immune sentinels of the CNS, microglia determine whether neuroinflammation exerts protective or detri-
mental effects. Resting microglia exhibit a ramified morphology and maintain homeostasis by phagocytosing apoptotic
cells and o-syn aggregates. Under pathological stimulation, microglia undergo reactive transformation into distinct
functional states, featuring either pro-inflammatory, neurotoxic reactive profiles or anti-inflammatory, neurorestorative
homeostatic reparative profiles. Transition toward pro-inflammatory reactive microglial status represents a hallmark of
PD-related neuroinflammation, and the S1P/SPHK 1-NF-«B axis acts as a key molecular switch driving microglia to acquire
pro-inflammatory reactive characteristics.”"’* In the pathological microenvironment of PD, persistent stimuli including
a-syn PFFs, mitochondrial DAMPs, and gut microbiota translocation products activate the microglial S1P/SPHK1-NF-«B
axis via receptors such as TLR4 and CD36, initiating the transition toward a pro-inflammatory reactive microglial state.”*"*
First, S1P generated by SPHKI1 activation directly binds to TRAF2, activates the canonical NF-kB pathway, and
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pathway via microglial surface receptors such as TLR4/CD36/P2X7/FcyR, mediating Ser225 phosphorylation and membrane translocation of SPHKI, which catalyzes the
conversion of Sph to SIP. Intracellular SIP directly activates the canonical NF-kB pathway by binding to TRAF2 and inhibiting PP2A/HDACI: the SIP-TRAF2 complex
promotes the activation of the IKK complex (IKKa/B/NEMO), accelerates the ubiquitination and degradation of IkBa, and allows p50/p65 dimers to translocate into the
nucleus, bind to kB binding sites, and initiate the transcription of pro-inflammatory genes including TNF-o, IL-1B, IL-6, iINOS, and COX-2, triggering neuroinflammation and
neuronal apoptosis. Meanwhile, SIP is transported extracellularly via Spns2, and further amplifies SPHK |-NF-kB signaling through autocrine/paracrine actions by binding to
SIPRI/3. Sphingolipid metabolic homeostasis (SM—Cer—Sph—SIP) serves as the upstream basis for axis activation, and the functional differentiation of SPHKI/2
determines the regulatory specificity of the axis. This axis exhibits cell- and brain region-specificity in the CNS: microglia are the core regulatory cells, astrocytes and
vascular endothelial cells are involved in inflammatory amplification, and dopaminergic neurons are the ultimate damaged target cells. The excessive activation of this axis in
PD-vulnerable brain regions such as the SNpc and striatum is a key molecular mechanism for the selective death of dopaminergic neurons.

upregulates transcription and release of pro-inflammatory signature mediators including TNF-a, IL-1B, IL-6, iNOS,
cyclooxygenase-2 (COX-2), and CD86. Second, SIP activates the ERK/c-Jun N-terminal kinase (JNK) pathway via
S1PR3, further enhancing NF-kB activity while suppressing expression of key transcription factors driving homeostatic
reparative reactive microglia formation including peroxisome proliferator-activated receptor y (PPARY), arginase-1
(Arg-1), IL-10, and transforming growth factor-p (TGF-B), blocking microglial transition to the anti-inflammatory
restorative phenotype.”>’ In addition, NF-kB upregulates expression of a-syn receptors (TLR4, P2X7) and chemokine
receptors (C-C motif chemokine receptor 2 [CCR2], C-X-C motif chemokine receptor 3 [CXCR3]) on microglia,
strengthening their recognition of a-syn aggregates and response to pro-inflammatory factors.”’

Studies have confirmed that in a-syn PFF-induced PD mouse models, microglial SPHK1 knockdown or treatment with
the specific inhibitor PF543 markedly suppresses NF-kB nuclear translocation, decreases pro-inflammatory mediators
secreted by reactive microglia, and facilitates microglial transition toward homeostatic reparative reactive features, and
enhances phagocytic clearance of a-syn aggregates. In microglia overexpressing SPHK1, even without exogenous a-syn
stimulation, NF-xB is spontaneously activated and cells shift into a pro-inflammatory reactive state, releasing abundant
neurotoxic factors that directly induce apoptosis of co-cultured dopaminergic neurons.'” Such imbalanced microglial
polarization not only directly injures neurons but also activates astrocytes to transform into reactive Al astrocytes via

paracrine effects. A1 astrocytes lose their neurotrophic and synaptic repair functions and instead release neurotoxic factors
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including IL-1a, complement component 1q (Clq), and TNF-o, further exacerbating dopaminergic neuron loss and
synaptic dysfunction. This represents a core pathological event in progressive neurodegeneration in PD.”% 8

The SIP/SPHKI-NF-kB Axis Regulates Aberrant Aggregation, Phosphorylation, and
Pathological Propagation of a-Syn

Aberrant folding, phosphorylation, oligomerization, and fibrillar aggregation of a-syn, as well as prion-like propagation
of pathological a-syn between neurons, are core pathological features of PD.®' The S1P/SPHK1-NF-«B axis compre-
hensively regulates o-syn pathology through both direct and indirect mechanisms.®* For direct regulation, activation of
the SIP/SPHK1-NF-«xB axis directly promotes a-syn phosphorylation and aggregation. First, pro-inflammatory factors
(TNF-a, IL-1pB) released by microglia activate neuronal NF-kB via surface receptors, upregulate activities of glycogen
synthase kinase 3 (GSK3f) and casein kinase 2 (CK2), and directly catalyze a-syn phosphorylation at Ser129. Ser129
phosphorylation is a key marker of pathological a-syn aggregation; phosphorylated a-syn more readily forms oligomers
and insoluble fibrils with markedly enhanced toxicity. Second, S1P directly binds the N-terminal domain of a-syn, alters
its conformation, promotes conversion of o-syn from physiological a-helix to pathological B-sheet, and accelerates
oligomerization and fibril formation.'”*>* In addition, NF-xB activation inhibits the neuronal autophagy-lysosome
pathway (downregulates microtubule-associated protein 1 light chain 3-II [LC3-II] and Beclin-1, upregulates p62),
reducing clearance of pathological o-syn and causing intracellular accumulation of aggregates to form Lewy bodies.*®®
For indirect regulation, activation of the S1P/SPHKI1-NF-kB axis disrupts neuronal homeostasis and creates
a pathological microenvironment favorable for o-syn aggregation. Axis activation induces microglia to release large
amounts of reactive oxygen species (ROS) and nitric oxide (NO), triggering neuronal oxidative stress. Oxidative stress
directly modifies cysteine residues of a-syn and promotes its misfolding.'”*® Meanwhile, axis activation exacerbates
neuronal mitochondrial dysfunction (reduces mitochondrial membrane potential, inhibits respiratory-chain complex
activity, and increases mitochondrial ROS release); DAMPs released from damaged mitochondria further activate the
axis and o-syn aggregation. Furthermore, axis activation disrupts BBB integrity, allowing peripheral toxins, iron ions,
and inflammatory cells to enter the brain parenchyma; iron overload directly catalyzes a-syn aggregation.'”-%**
Critically, activation of the S1P/SPHKI1-NF-xB axis markedly facilitates intercellular propagation of pathological
a-syn. Pro-inflammatory factors released by pro-inflammatory reactive microglia upregulate expression of neuronal a-syn
uptake receptors such as lymphocyte activation gene 3 (LAG3) and prion protein C (PrPC), enhancing endocytosis of
extracellular a-syn PFFs by neurons. Meanwhile, axis activation damages neuronal membrane integrity and synaptic
connections, promoting release of a-syn aggregates into the extracellular space via synaptic clefts and exosomes; these
aggregates are taken up by neighboring neurons, triggering a new round of aggregation and injury, thereby enabling
whole-brain propagation of a-syn pathology from the substantia nigra to the locus coeruleus, dorsal motor nucleus of the
vagus, cerebral cortex, and other brain regions. This is consistent with the progressive worsening of clinical PD
symptoms. Animal experiments confirm that inhibition of the SPHK1-NF-kB axis significantly reduces a-syn Ser129
phosphorylation, decreases insoluble a-syn aggregates, blocks a-syn pathological propagation, and alleviates motor
deficits and dopaminergic neuron loss in PD model mice, directly validating the axis as a key driver of a-syn

pathology.'”*

The SIP/SPHKI-NF-kB Axis Mediates Selective Injury of Dopaminergic Neurons

Selective and progressive loss of dopaminergic neurons in the SNpc underlies PD motor symptoms. Their vulnerability
stems from high metabolic demand, dopamine-induced oxidative stress, iron overload, and fragile mitochondrial
function. The S1P/SPHK1-NF-kB axis directly triggers oxidative stress, mitochondrial damage, and apoptotic cascades
by targeting core vulnerable nodes of dopaminergic neurons, which is proposed as one important molecular contributor to
neuronal death mainly from preclinical observations.*® TNF-q, IL-1f, iNOS, and ROS released by microglia upon S1P/
SPHK1-NF-kB axis activation act on dopaminergic neurons via paracrine signaling, activate the intracellular NF-xB
pathway, upregulate expression of NADPH oxidase 2 (NOX2) and iNOS, generate massive superoxide anions, hydrogen
peroxide, and peroxynitrite, and induce oxidative stress.** " Meanwhile, dopamine in dopaminergic neurons is
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metabolized by monoamine oxidase (MAQ) to produce hydrogen peroxide, which generates hydroxyl radicals under iron
catalysis. Axis activation upregulates expression of divalent metal transporter 1 (DMT1) and downregulates ferritin,
worsening iron overload. Oxidative stress further modifies lipids, proteins, and DNA, causing membrane lipid peroxida-
tion, protein denaturation, and DNA damage, directly destroying neuronal structure and function.”'*?

Mitochondria are the energy core of dopaminergic neurons and a key regulatory hub for oxidative stress and
apoptosis. The S1P/SPHK1-NF-kB axis disrupts mitochondrial homeostasis through multiple mechanisms. On one
hand, pro-inflammatory factors activate neuronal NF-xB, downregulate expression and activity of mitochondrial respira-
tory-chain complexes (Complex I, III, IV), reduce ATP synthesis efficiency, and cause energy metabolic failure.®**+%°
On the other hand, S1P directly binds mitochondrial membrane proteins and triggers opening of the mitochondrial
permeability transition pore (mPTP), leading to reduced mitochondrial membrane potential and release of cytochrome
c into the cytoplasm. In addition, axis activation inhibits mitophagy, reducing clearance of damaged mitochondria and
causing accumulation of dysfunctional mitochondria that further release ROS and pro-apoptotic factors.'***?® Studies
reveal reduced mitochondrial Complex I activity in the substantia nigra of PD patients, while inhibition of the
SPHK1-NF-kB axis significantly restores mitochondrial function, reduces ROS release, and protects dopaminergic
neurons.' 7%

Oxidative stress and mitochondrial damage jointly activate the intrinsic apoptotic pathway, and the S1P/
SPHK1-NF-kB axis accelerates neuronal death by regulating expression of apoptosis-related proteins. NF-kB activation
upregulates pro-apoptotic proteins including Bcl-2-associated X protein (Bax), Bcl-2-associated death promoter (Bad),
Caspase-3, and Caspase-9, and downregulates anti-apoptotic proteins including Bcl-2, Bcl-2-extra large (Bcl-xL), and
XIAP, disrupting the balance of Bcl-2 family proteins and promoting mitochondrial cytochrome ¢ release and apoptotic
body formation. Meanwhile, axis activation stimulates the p53 pathway to further amplify apoptotic signals.'”*° In
addition, glutamate and excitotoxins released by microglia mediate neuronal calcium overload via N-methyl-D-aspartate
(NMDA) receptors, activate calcium-dependent proteases and nucleases, and directly degrade neuronal cytoskeletal
proteins and DNA, resulting in concurrent neuronal necrosis and apoptosis.'® Cell co-culture experiments confirm that
conditioned medium from microglia with activated S1P/SPHK1-NF-«kB axis induces dopaminergic neuron apoptosis,
while inhibition of SPHK1 or NF-«B reduces apoptosis rate, directly proving the axis as a core driver of dopaminergic

neuron death.'®!

The SIP/SPHKI-NF-kB Axis Contributes to Blood-Brain Barrier Disruption,

Peripheral Immune Infiltration, and Gut-Brain Axis Disturbance

PD is not a pure CNS disorder but a systemic disease involving the CNS, peripheral immunity, gastrointestinal tract,
cardiovascular system, and other systems. Its pathological progression is accompanied by BBB leakage, peripheral
immune cell infiltration, gut microbiota dysbiosis, and intestinal inflammation. As a key signaling hub linking the CNS
and periphery, the SIP/SPHK1-NF-«xB axis comprehensively mediates integrated regulation of multisystem pathology in
PD, providing molecular support for the “systemic-brain axis” hypothesis of PD pathogenesis.'*>'> The BBB is
a critical structure maintaining CNS homeostasis, composed of cerebral microvascular endothelial cells, tight junctions,
pericytes, and astrocytic endfeet; its disruption is a key event aggravating PD neuroinflammation.'®® The S1P/
SPHK1-NF-kB axis directly targets cerebral microvascular endothelial cells to damage BBB structure and function.
First, S1P released by microglia binds endothelial SIPR1, activates the NF-xB pathway, downregulates expression and
membrane localization of tight junction proteins including ZO-1, occludin, and claudin-5, loosening tight junctions and
increasing permeability. Second, NF-kB upregulates expression of endothelial adhesion molecules including intercellular
cell adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1), promoting adhesion and
transmigration of peripheral monocytes, CD4+ T cells, and CD8+ T cells into the brain parenchyma. Infiltrating
peripheral immune cells further activate the microglial STP/SPHK1-NF-«kB axis, releasing more pro-inflammatory factors
and accelerating PD pathological progression.'®>'% Clinical studies confirm a significant positive correlation between
cerebrospinal fluid (CSF) SIP levels and BBB permeability markers (albumin quotient) in PD patients, and SPHK1

inhibition markedly improves BBB integrity and reduces peripheral immune cell infiltration.'%”-'%®
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The gut-brain axis is an emerging hotspot in PD pathogenesis. PD patients frequently present with gastrointestinal
symptoms including constipation, intestinal inflammation, and gut microbiota dysbiosis, and intestinal a-syn pathology
precedes central involvement, suggesting intestinal inflammation may transmit pathological signals to the CNS via the
vagus nerve.'” The S1P/SPHK 1-NF-kB axis plays a pivotal role in bidirectional regulation between intestinal and central
neuroinflammation. On one hand, gut microbiota dysbiosis (eg., reduced Bifidobacterium, increased Proteobacteria) causes
intestinal barrier leakage; lipopolysaccharide (LPS), bacterial metabolites, and inflammatory factors enter the circulation,
activate the peripheral immune cell SPHK1-NF-«B axis, release pro-inflammatory factors and S1P, and transmit signals to the
CNSS via the bloodstream and vagus nerve, activating the microglial axis and initiating neuroinflammation."'®'"" On the other
hand, central SIP/SPHK1-NF-«B axis activation reversely regulates intestinal inflammation and microbiota composition via
the hypothalamic-pituitary-adrenal (HPA) axis and vagus nerve, worsening intestinal barrier damage and o-syn aggregation to
form a systemic-brain pathological cycle.''® Animal experiments confirm elevated intestinal SPHK 1 expression and NF-xB
activity and increased intestinal inflammatory factor release in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced PD mice, while intestinal SPHK 1 inhibition simultaneously alleviates intestinal and central neuroinflamma-
tion and reduces substantia nigra dopaminergic neuron loss,''*'"? directly validating the S1P/SPHK 1-NF-kB axis as a key
molecular bridge for pathological transmission along the gut-brain axis.

Potential Roles of the SIP/SPHKI-NF-kB Axis in PD Motor and Non-Motor
Symptoms

Motor complications induced by long-term levodopa therapy are a major challenge in PD clinical management. Studies
show elevated CSF SIP levels in PD patients are closely associated with pathological a-syn aggregation, and S1P
triggers microglial activation via NF-kB signaling to exacerbate neuroinflammation. Notably, SPHK1 activation in
microglia induced by a-syn PFFs is a key initiating event of neuroinflammatory cascades, and persistent inflammation
may impair plastic adaptation of striatal medium spiny neurons to dopaminergic input. Furthermore, the SPHK1 inhibitor
PF543 markedly alleviates PD-like neuropathological abnormalities in hA53T a-syn transgenic mice, indicating axis
modulation may positively affect levodopa responsiveness.'”''* Incorporating the SIP/SPHK1-NF-kB axis into the
mechanistic network of motor complications, evaluating whether axis targeting delays or mitigates levodopa-induced
dyskinesia, and exploring axis markers as predictors of drug response hold important clinical value.

In addition, the S1P/SPHK1-NF-«kB axis participates in peripheral immune dysregulation, neuroendocrine distur-
bance, and non-motor symptom modulation in PD. Axis activation causes aberrant activation of peripheral lymphocytes
and monocytes, releasing pro-inflammatory factors and aggravating systemic chronic low-grade inflammation, which
further worsens central neuroinflammation. Meanwhile, axis activation disrupts HPA axis function and cortisol rhythm,
triggering non-motor symptoms including depression, anxiety, and sleep disturbances, consistent with the broad non--
motor manifestations of PD patients.'” During the prodromal phase of PD, upregulated SPHK1, elevated S1P, and
activated NF-«xB occur in the intestine, olfactory bulb, and dorsal motor nucleus of the vagus, inducing typical prodromal
symptoms including olfactory dysfunction, constipation, depression, anxiety, and sleep disorders. These manifestations
are closely linked to axis-mediated local neuroinflammation, early a-syn aggregation, and intestinal and olfactory
mucosal barrier damage.''"""'>!"® As disease progresses, sustained central axis activation further affects non-nigral
brain regions including the locus coeruleus, raphe nucleus, and hypothalamus, worsening non-motor symptoms such as
cognitive decline, orthostatic hypotension, and urinary dysfunction by regulating metabolism of norepinephrine, seroto-
nin, dopamine, and other neurotransmitters. Research indicates that in pathological a-syn-induced neuroinflammation, the
SPHK1/S1P signaling pathway triggers microglial activation via NF-kB-dependent mechanisms; this process is not
restricted to the substantia nigra and may also regulate neurotransmitter metabolism across wider brain regions. Clinical
data show that CSF levels of S1P are significantly elevated in patients with PD, approximately 16-fold higher than in
control subjects, and exhibit a significant positive correlation with the severity of behavioral deficits.'”**> This suggests
that peripheral blood S1P levels may also correlate with non-motor symptom scores. This axis could serve as an
important target for prodromal screening and targeted intervention of non-motor symptoms, addressing the limitation
that current PD treatments focus solely on motor symptoms (Figure 3 and Table 2).
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Figure 3 Multidimensional driving mechanism of the SIP/SPHK I-NF-kB axis in the core pathological progression of PD. In the PD pathological microenvironment, upstream
stimuli including a-syn PFFs, mitochondrial DAMPs, and LPS mediated by gut microbiota dysbiosis activate SPHK | in microglia via receptors such as TLR4/CD36/P2X7/FcyR,
catalyzing the production of SIP; SIP dually activates the canonical NF-kB pathway and ERK/JNK signaling by binding to TRAF2 and SIPRI/3, forming a core regulatory axis
for PD pathological progression. This axis drives the entire PD disease course through multilevel cascade effects: it drives microglial reactive transformation toward a pro-
inflammatory neurotoxic state and restricts the development of homeostatic reparative microglial features, while activating Al-type reactive astrocytes, forming a vicious
cycle of neuroinflammation; it directly promotes a-syn Serl129 phosphorylation and f-sheet conformational conversion, inhibits the autophagy-lysosome pathway,
exacerbates abnormal a-syn aggregation, and mediates prion-like pathological propagation of a-syn by upregulating receptors such as LAG3/PrPC; it triggers oxidative
stress bursts, mitochondrial dysfunction, and iron overload in dopaminergic neurons, initiates neuronal apoptotic cascades by regulating apoptosis-related proteins, and
mediates the selective loss of nigral dopaminergic neurons; it targets cerebral microvascular endothelial cells, downregulates tight junction proteins (ZO-I/occludin/
claudin-5), upregulates adhesion molecules (ICAM-1/VCAM-1), disrupts BBB integrity, and promotes the infiltration of immune cells such as peripheral CD4+/CD8+ T cells
into the brain parenchyma; as a key molecular bridge of the gut-brain axis, LPS and inflammatory factors released from intestinal barrier leakage activate the peripheral
SPHKI-NF-xB axis, which transmits signals to the CNS via the vagus nerve and blood circulation, and meanwhile, central axis activation reversely aggravates intestinal
inflammation and o-syn aggregation through the HPA axis, forming a systemic-cerebral pathological cycle. Ultimately, sustained activation of this axis not only drives the
progressive worsening of PD motor symptoms but also participates in the development of non-motor symptoms during the prodromal phase, including olfactory
dysfunction, constipation, depression, and anxiety, which provides a core molecular explanation for the multisystem pathological mechanism of PD and offers key regulatory
targets for targeted intervention in PD.
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Crosstalk Network Between the SIP/SPHKI-NF-kB Axis and Other Core
Pathological Mechanisms in PD
Synergistic Amplification Loop Between the SIP/SPHKI-NF-kB Axis, Oxidative Stress,

and Endoplasmic Reticulum Stress

Oxidative stress and endoplasmic reticulum stress (ERS) are important auxiliary mechanisms of neurodegeneration in
PD. Both form a tight synergistic amplification loop with the sphingosine-1-phosphate/sphingosine kinase 1-nuclear
factor-kappa B (S1P/SPHK 1-NF-«B) axis to jointly drive pathological progression.''” As both an upstream stimulus and
a downstream effect of axis activation, oxidative stress regulates axis activity through a dual mechanism. On one hand,
oxidative products such as reactive oxygen species (ROS) and peroxynitrite can directly activate SPHK1 (Ser225
phosphorylation) and NF-xB (p65 oxidative modification), initiating axis activation. On the other hand, iNOS and
NOX2 released upon axis activation further aggravate oxidative stress.''®!'"?

ERS regulates the axis through the unfolded protein response (UPR): a-syn aggregation and oxidative stress in PD
cause endoplasmic reticulum dysfunction and activate the protein kinase R-like endoplasmic reticulum kinase (PERK),
inositol-requiring enzyme 1 (IRE1), and activating transcription factor 6 (ATF6) branches of UPR. Among them, the
IRE1 pathway directly activates tumor necrosis factor receptor-associated factor 2 (TRAF2), which in turn activates
NF-kB and SPHK1. Meanwhile, UPR upregulates the expression of pro-inflammatory factors and synergizes with the
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Table 2 The SIP/SPHKI-NF-kB Axis Mediates Core Pathological Events in PD

Pathological Process Core Role of the Axis

Abnormal reactive transformation of microglia’'~"’ Drives the transformation of microglia toward a pro-inflammatory reactive phenotype and restricts the shift
toward homeostatic reparative reactive status, and forms a vicious inflammatory cycle

Abnormal aggregation and propagation of oz-syns"85

91-93

Promotes Ser129 phosphorylation and B-sheet transformation, enhances neuronal uptake and release

Death of dopaminergic neurons
5,10,104,106—108

Induces oxidative stress burst, mitochondrial dysfunction, and initiates apoptotic cascades

Blood-brain barrier disruption
110-112

Downregulates tight junction proteins and promotes peripheral immune cell infiltration

Gut-brain axis disorder Initiates intestinal inflammation and transmits pathological signals via the vagus nerve/circulation

17,114

Levodopa responsiveness / dyskinesia Inflammatory microenvironment reduces plasticity and impairs therapeutic efficacy

Prodromal stage and non-motor symptoms|7 Early activation in the olfactory bulb, intestine, and dorsal motor nucleus of the vagus nerve

axis to amplify neuroinflammation. In turn, axis activation exacerbates endoplasmic reticulum calcium imbalance and
protein misfolding, further aggravating ERS and forming a cross-regulatory network.'!”-'2%:12!

Bidirectional Regulation Between the SIP/SPHK|-NF-kB Axis and Autophagy/
Mitophagy

Autophagy and mitophagy are core mechanisms for clearing misfolded proteins and damaged mitochondria. Their
dysfunction is a major cause of a-syn aggregation and mitochondrial damage in PD, and the SIP/SPHK1-NF-«B axis is
bidirectionally regulated with autophagy pathways. On one hand, activation of the SIP/SPHK1-NF-«B axis downregulates
the expression of key autophagic proteins (LC3, Beclin-1, autophagy-related gene 5 [ATGS5]) via NF-«B, inhibits both
mTOR-dependent and -independent autophagic pathways, reduces the clearance of a-syn aggregates and damaged
mitochondria, and leads to pathological accumulation. On the other hand, defective autophagy results in the accumulation
of a-syn and DAMPs, further activating the S1P/SPHK1-NF-«kB axis. As an important form of selective autophagy,
mitophagy is more significantly regulated by the axis: activation of the SIP/SPHK1-NF-xB axis downregulates PTEN-
induced kinase 1 (PINK1)/Parkin pathway activity, impairs the recognition and removal of damaged mitochondria, causes

mitochondrial dysfunction and ROS release, and further amplifies axis activation and neuroinflammation.'?*!?*

Synergistic Activation Between the SIP/SPHKI-NF-kB Axis and the NLRP3

Inflammasome

The NOD-like receptor pyrin domain-containing 3 (NLRP3) inflammasome is another central regulatory platform for central
neuroinflammation, composed of NLRP3, apoptosis-associated speck-like protein containing a CARD (ASC), and Caspase-1.
Upon activation, it cleaves pro-interleukin-1 (pro-IL-1p) and pro-interleukin-18 (pro-IL-18) into mature pro-inflammatory
cytokines, forming a “dual switch” for neuroinflammation together with NF-kB. The S1P/SPHKI-NF-xB axis closely
synergizes with the NLRP3 inflammasome.'?* First, activation of the SIP/SPHK1-NF-kB axis upregulates the expression
of NLRP3 and pro-IL-1p via NF-«kB, providing the first signal for NLRP3 activation. Second, ROS, potassium ion (K ") efflux,
and lysosomal rupture induced by axis activation supply the second signal for NLRP3 activation, promoting inflammasome
assembly and Caspase-1 activation. Finally, mature IL-1f released by NLRP3 activation further activates the SPHK1-NF-«xB

axis, and the two synergistically mediate the persistence and exacerbation of chronic neuroinflammation in PD.'>>12¢

Interaction Between the SIP/SPHKI-NF-kB Axis and PD Genetic Risk Factors

PD genetic risk factors (such as leucine-rich repeat kinase 2 (LRRK?2), PINK 1, Parkin, and mutant a-syn) modulate disease
susceptibility and pathological progression by regulating the activity of the STP/SPHK1-NF-kB axis. The LRRK2 G2019S
mutant directly phosphorylates SPHK 1 and inhibitor of IKKf, enhancing axis activation and NF-kB activity, aggravating
microglial inflammation and o-syn aggregation.'*” Mutations in PINK 1/Parkin lead to mitophagy defects, and damaged
mitochondria release DAMPs to activate the S1P/SPHK 1-NF-«B axis.'?® a-syn A53T and A30P mutants are more prone to
form oligomers and more strongly activate the microglial S1P/SPHK 1-NF-kB axis.'?’ In contrast, protective genetic factors
such as nuclear factor erythroid 2-related factor 2 (Nrf2) can attenuate axis activation and neuroinflammation by
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upregulating antioxidant proteins and inhibiting SPHK 1 and NF-kB activity. These interactions between genetic factors and
the axis provide a molecular explanation for the genetic susceptibility and heterogeneity of PD.'*°

The SIP/SPHKI-NF-xB Axis and Epigenetic Regulation

The S1P/SPHK1-NF-kB axis also deeply participates in PD pathogenesis through epigenetic mechanisms, constituting
another important layer of gene-environment interaction. S1P can directly inhibit the activity of histone deacetylases
(HDAC1/2), alter chromatin accessibility, and thereby upregulate the transcription efficiency of NF-kB target genes and
o-syn-related genes.'’! The expression and activation of SPHKI are also finely regulated by DNA methylation and
non-coding RNAs (microRNAs [miRNAs], long non-coding RNAs [IncRNAs]). For example, miR-124 and miR-146a
directly target SPHK1 mRNA and inhibit its translation. In PD models, the expression of these microRNAs is
significantly downregulated, thus relieving the repression of SPHK1 and promoting sustained axis activation.'**'?*

In addition, NF-kB can recruit the histone acetyltransferase p300/CREB-binding protein (CBP) to acetylate the
promoter regions of pro-inflammatory genes, forming long-term inflammatory memory and rendering microglia hyper-
sensitive to subsequent pathological stimuli, further amplifying neuroinflammation and neuronal damage."*®> Such
epigenetic regulation not only explains how aging and environmental toxins long-term remodel inflammatory gene
expression, but also provides novel intervention strategies for targeting epigenetic regulation to reverse aberrant
activation of the SIP/SPHK1-NF-«xB axis (Figure 4).
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Figure 4 Cross-interaction network between the SIP/SPHKI-NF-kB axis and core pathological mechanisms of PD. The SIP/SPHKI-NF-kB axis serves as a central
regulatory hub in PD pathogenesis, forming a multi-dimensional cross-network with oxidative stress/endoplasmic reticulum stress, autophagy/mitophagy, the NLRP3
inflammasome, genetic risk factors, and epigenetic regulation to drive disease progression. Upstream stimuli such as a-syn PFFs, mitochondrial DAMPs, and gut microbiota
dysbiosis activate SPHK in microglia, leading to SIP production and amplification of neuroinflammation via the NF-kB/ERK/JNK pathways. This axis establishes a positive
feedback loop with oxidative/endoplasmic reticulum stress and autophagic deficiency, exacerbating the accumulation of pathological substances. Meanwhile, it synergizes with
the NLRP3 inflammasome to sustain chronic inflammation, while genetic factors including LRRK2, PINKI/Parkin, and epigenetic regulation mediated by HDACs and
microRNAs further enhance the axis activity. These interactions collectively constitute the core pathological circuit of neuroinflammation, a-syn aggregation, mitochondrial
dysfunction, and neuronal degeneration in PD.
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Clinical Translation Potential of the SIP/SPHKI-NF-kB Axis as

a Biomarker for PD

Studies on clinical samples have confirmed that molecules related to the S1P/SPHK1-NF-kB axis can serve as potential
biomarkers for early diagnosis, disease monitoring, and prognosis evaluation of PD: the level of S1P in the CSF of PD
patients is 12—16 times higher than that of healthy controls, and it is significantly positively correlated with the Hoehn-
Yahr scale and the Unified Parkinson’s Disease Rating Scale (UPDRS) score, while negatively correlated with the degree
17.136.137 the activity of SPHK1 and the phosphorylation level of p65 in the CSF are also
significantly increased, which can be detected in the early stage of PD (Hoehn-Yahr stage 1-2), earlier than the

of dopaminergic neuron loss;

appearance of classic biomarkers (a-syn oligomers, DJ-1);'7'*%13% the level of SIP in peripheral blood, the expression
of SPHK1 in peripheral blood mononuclear cells (PBMCs), and the activity of NF-kB are also significantly increased,
and positively correlated with the levels in CSF, which can be used as non-invasive biomarkers for early screening and
disease monitoring of PD.**136:140

The diagnostic specificity of a single axis biomarker is limited. Combined detection with classic PD biomarkers (CSF
a-syn oligomers, total a-syn, phosphorylated a-syn, DJ-1, peripheral blood neurofilament light chain [NfL]) can
significantly improve the accuracy and specificity of PD diagnosis. The combined detection of CSF SI1P + a-syn
oligomers has precise diagnostic sensitivity and high specificity, which is significantly superior to a single biomarker;
the combined detection of blood S1P + NfL can be used as a non-invasive screening tool for early risk assessment of PD
in middle-aged and elderly people in communities; at the same time, the level of axis biomarkers can reflect neuroin-
flammatory activity, predict the rate of disease progression and treatment response, and provide a basis for precise
stratification and individualized treatment of PD.'*'"'*

Existing studies have mostly focused on the activation characteristics of the SIP/SPHK1-NF-kB axis in typical PD
(mainly motor symptoms, good response to levodopa), but the clinical manifestations of PD are highly heterogeneous,
including non-tremor type mainly characterized by postural instability and gait disturbance, aggressive type characterized
by rapid progression, and diffuse type accompanied by significant cognitive impairment. Clinical studies have found that
the level of S1P in the CSF of PD patients is higher than that of healthy controls, and this increase is closely related to the
abnormal activation of SPHK1, while the expression of SPHK2 has no significant change. It is worth noting that a-syn
PFFs can selectively induce the phosphorylative activation of SPHK1 (Ser225 site) in microglia but have no significant
effect on neurons and astrocytes, and this cell selectivity may vary among different PD subtypes.'” Although large-scale
subtype stratification studies are currently lacking, existing evidence suggests that patients with aggressive PD may
exhibit a stronger axis activation state, accompanied by more prominent shift of microglia toward pro-inflammatory
reactive status and BBB damage. Clarifying the differential expression and dynamic evolution of this axis in different PD
subtypes will help realize disease classification based on inflammatory phenotypes and promote the clinical implementa-
tion of individualized anti-inflammatory treatment strategies.

There are still three major bottlenecks in the clinical translation of current axis biomarkers. The standardization of
detection methods is insufficient, and there is no unified kit and quality control standard for the detection of SIP and
SPHK1 activity in CSF/blood; the specificity needs to be improved, as elevated S1P levels can also be seen in diseases
such as multiple sclerosis (MS), cerebral infarction, and inflammatory bowel disease (IBD); the sensitivity of non-
invasive detection is insufficient, and the level of blood S1P fluctuates greatly, affected by diet, drugs, and peripheral
inflammation. Future optimization directions include: developing high-specificity and high-sensitivity monoclonal anti-
body detection kits for S1P, SPHK1, and phosphorylated p65 (p-p65); establishing normal reference ranges and PD
diagnostic thresholds for axis biomarkers in CSF/blood; constructing a combined diagnostic model of axis biomarkers,
clinical characteristics, and imaging (dopamine transporter [DAT] scan) combined with machine learning algorithms to

improve diagnostic efficiency.
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Therapeutic Strategies Targeting the SIP/SPHKI-NF-kB Axis and Progress
in Drug Development for PD
Specific Inhibitors Targeting SPHK

As the upstream rate-limiting enzyme of the S1P/SPHK1-NF-kB axis, SPHKI is a core target for PD treatment. Its
specific inhibitors can directly block S1P synthesis, inhibit NF-xB activation, and simultaneously not interfere with the
normal physiological functions of SPHK2, making it a key direction in current drug development. Currently, the main
types of SPHK1 inhibitors that have entered preclinical research include the following: PF543 is the first highly selective
SPHK1 inhibitor with a selectivity for SPHK2 exceeding 1000-fold, which can effectively cross the BBB. In PD mouse
models induced by a-syn PFFs and MPTP, it can significantly reduce brain S1P levels, inhibit NF-kB nuclear transloca-
tion, restrain microglial transition into pro-inflammatory reactive status and lower the secretion of pro-inflammatory
mediators, while decreasing abnormal a-syn aggregation, protecting dopaminergic neurons, improving motor disorders,
and showing no obvious peripheral toxicity;'** SKI-II is a non-selective dual SPHK1/2 inhibitor, which can inhibit the
activation of this signaling axis but may cause certain side effects due to simultaneous inhibition of SPHK2, and is
currently mainly used for basic mechanism research;'*> ABC294640 is a selective SPHK?2 inhibitor with weak effect on
SPHK 1, which is mostly used in metabolism regulation and tumor-related research,'*® and has few studies in the field
of PD.

Modulators Targeting SIP Receptors

Modulators targeting S1P receptors can effectively block S1P-mediated autocrine and paracrine loops, thereby inhibiting
neuroinflammation. Currently, several SIPR modulators have been approved for the clinical treatment of multiple
sclerosis (MS)'*” and have shown good application prospects in preclinical PD models. Fingolimod (FTY720), as a non-
selective S1PR1/3/4/5 modulator, is the first oral disease-modifying drug approved for relapsing-remitting MS (RRMS).
After phosphorylation in vivo, it exerts dual immunomodulatory and neuroprotective effects by promoting lymphocyte
homing, reducing peripheral immune cell infiltration, and directly acting on astrocytes in the CNS.**'*® Siponimod and
Ozanimod are both dual SIPR1/5 modulators; the former has been approved for RRMS and active secondary progressive
MS (SPMS), while the latter is simultaneously approved for RRMS, ulcerative colitis (UC), and Crohn’s disease (CD).
Ponesimod, as a highly selective SIPR1 agonist, has also been approved for RRMS treatment. In addition, several new-
generation SIPR modulators are in clinical development: Amiselimod (MT-1303) and Etrasimod (APD334) are both
S1PR1/4/5 modulators; the former has completed Phase II clinical trials for RRMS, CD, and UC, while the latter has
entered Phase III studies in UC and CD; Mocravimod (KRP-203), as a dual S1PR1/3 modulator, is being explored in
Phase II trials for UC, systemic lupus erythematosus (SLE), and organ transplant rejection. The successful application of
these drugs in peripheral immune-mediated diseases such as MS provides important theoretical basis and preclinical

support for expanding their indications to PD, which is characterized by chronic neuroinflammation.'*'*°

Inhibitors Targeting the NF-xB Pathway

As the core downstream transcription factor of the S1P/SPHK1-NF-xB axis, NF-kB inhibitors can directly block the
transcriptional expression of pro-inflammatory genes, but in application, it is crucial to solve the problems of central
targeting selectivity and systemic side effects, avoiding excessive inhibition of NF-kB activity under physiological
conditions. Selective IKKp inhibitors such as BMS-345541 and IMD-0354 can specifically act on IKKp, prevent IxkB
degradation and NF-kB pathway activation, and can significantly reduce pro-inflammatory factor release and exert
neuroprotective effects in PD models. However, some compounds have defects such as poor BBB penetration and easy

. . . . . 151.152
induction of peripheral immunosuppression.'>''>

p65 acetylation or phosphorylation inhibitors reduce its transcriptional
activity by interfering with the post-translational modification of p65. Natural products represented by curcumin and
resveratrol can effectively cross the BBB, and while inhibiting NF-«xB, they also have antioxidant and anti-inflammatory
effects. Preclinical studies have confirmed that they can improve the pathological and behavioral symptoms of PD

models.'3*'>* Microglia-specific NF-kB inhibitors construct targeted delivery systems relying on microglial surface
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markers such as CD11b and CX3CR1, which can accurately deliver the inhibitors to microglia, reduce non-specific
effects on neurons and peripheral immune cells, and significantly improve the safety and targeting of intervention.

Sphingolipid Metabolism Homeostasis Modulators

Regulating the sphingolipid metabolism network, increasing the ceramide/sphingosine ratio, and reducing S1P levels to
restore sphingolipid biological homeostasis can also indirectly inhibit the excessive activation of the SIP/SPHK1-NF-«xB
axis. Studies have shown that double knockout of sphingosine kinase can lead to a significant increase in intracellular
sphingosine and ceramide levels (ceramide increased by more than 10-fold) and induce the constitutive expression of
autophagy markers, suggesting that sphingolipid metabolic reprogramming may exert anti-inflammatory effects by
restoring the ceramide-S1P balance. The glucosylceramide synthase (GCS) inhibitor BZ1 can significantly reduce
glycosphingolipid levels in neurons, reduce pathological aggregation of a-synuclein, rescue lysosomal dysfunction
associated with GBA1 mutations, and alleviate a-synuclein-induced dopaminergic neurodegeneration. In GBA-related
PD mouse models, long-term administration of the brain-penetrant GCS inhibitor Venglustat can significantly reduce
glycosphingolipid accumulation in the CNS, decrease pathological a-synuclein aggregates, and improve related memory
deficits.>>'* In addition, ceramidase inhibitors (such as NOE-SA, D-erythro-MAPP) can block the conversion of
ceramide to sphingosine, reduce the synthetic precursor of S1P, and preclinical studies have confirmed that they can
reduce brain S1P content and inhibit central neuroinflammation. S1P lyase activators can accelerate the degradation of
S1P into hexanal and phosphoethanolamine, thereby reducing S1P levels. The marketed lipid-lowering drug bezafibrate,
which has the effect of activating SIP lyase, has shown clear neuroprotective potential in PD models."’
Sphingomyelinase activators can promote the conversion of sphingomyelin to ceramide, antagonizing the pro-
inflammatory effect of S1P at the metabolic level. Recombinant acid sphingomyelinase has been shown to improve
neuroinflammation and neuronal damage in PD models.'*® The above strategies provide a new intervention idea for
indirectly inhibiting the excessive activation of the S1P/SPHKI-NF-kB axis by restoring sphingolipid metabolism
homeostasis.

Progress in Natural Products and Traditional Chinese Medicine Intervention

In addition to small chemical molecules and biological agents, natural products and traditional Chinese medicine (TCM)
have shown unique advantages in intervening PD by targeting the S1P/SPHK1-NF-kB axis, becoming an important
supplement to disease-modifying therapy. Multiple studies have confirmed that polyphenolic compounds such as
berberine, puerarin, resveratrol, and curcumin can achieve multi-node regulation of the axis by inhibiting SPHK1
phosphorylation, reducing S1P production, and blocking IxB degradation and p65 nuclear translocation, while also
having multiple neuroprotective effects such as antioxidation, mitochondrial protection, and promotion of a-syn
clearance.'”*'®® TCM compounds and monomer components can also regulate gut microbiota and sphingolipid meta-
bolism homeostasis, indirectly inhibit the activation of the central SIP/SPHK1-NF-kB axis through the gut-brain axis,
and improve motor and non-motor symptoms in PD models.'®"'** Such naturally derived interventions usually have
good BBB permeability and low toxicity and side effects, making them suitable for long-term intervention. However, the
accuracy of their targets, dose—effect relationship, and standardized preparations are still the main bottlenecks in clinical
translation. In the future, combining network pharmacology and molecular docking technology can further explore
natural axis modulators with high selectivity and multi-target synergy.

Combined Treatment Strategy: Multi-Target Synergistic Blockade of Pathological
Loops

Single-target intervention is difficult to block the complex and interlaced pathological network of PD. Combining the
S1P/SPHK1-NF-kB axis targeting strategy with other core pathological mechanism intervention methods such as o-
synuclein clearance, mitochondrial protection, antioxidation, and NLRP3 inflammasome inhibition can achieve multi-
pathway synergy, blocking disease progression more efficiently. The combination of SPHKI1 inhibitors and a-syn
antibodies, such as PF543 combined with a-syn monoclonal antibodies, can inhibit neuroinflammation while promoting
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the clearance of pathological a-syn, and the therapeutic effect is significantly better than single-drug regimens; the
combination of SIPR modulators and mitochondrial protectants, such as FTY720 combined with idebenone, can
synergistically improve mitochondrial function and reduce oxidative stress levels, thereby exerting stable neuroprotective
effects; the combination of NF-kB inhibitors and NLRP3 inhibitors, such as curcumin combined with MCC950, can
dual-block the core pathways of neuroinflammation, significantly reducing pathological damage in PD models and

providing reliable experimental basis for clinical combined treatment.'®>~'

Bottlenecks in Clinical Translation and Breakthrough Pathways
Although a large number of preclinical studies support the therapeutic potential of targeting the SIP/SPHK1-NF-kB axis
for PD, candidate drugs entering clinical trials still face multiple translational obstacles. The use of the specific SPHK1
inhibitor PF543 in a-syn PFFs-induced PD mouse models can significantly reduce brain SIP levels, inhibit NF-xB
nuclear translocation, restrict microglial transition toward pro-inflammatory reactive features, protect dopaminergic
neurons, and improve motor disorders. However, the effective dose of this inhibitor in non-human primates and
human cell systems is significantly increased, which may be related to the difference in binding affinity of the catalytic
domain of SPHK1 between species. In addition, long-term inhibition of SPHK1 may affect peripheral sphingolipid
metabolism homeostasis, and its safety needs further evaluation. The key pathways to break through the above bottle-
necks include: developing next-generation SPHK1 inhibitors based on the combination of orthosteric conformation and
allosteric regulation to improve the selectivity for human SPHK1 and BBB penetration; adopting local administration or
cell-specific nanocarriers to reduce systemic exposure and off-target toxicity; and using biomarkers (such as baseline
CSF SIP levels, SPHK1 activity) for patient enrichment enrollment to improve the success rate of clinical trials.
Diverse pharmacological agents targeting SPHK 1, SIPR and NF-kB have displayed protective effects across cell and
animal PD models, yet these agents differ greatly in target selectivity, blood—brain barrier penetration capability and
adverse reaction profiles. SPHK1 selective inhibitors efficiently suppress microglial pro-inflammatory activation in vitro
but are restricted by poor central nervous system bioavailability in vivo; distinct SIPR subtypes are unevenly expressed
in brain tissue, leading to disparate even opposite biological outcomes after receptor modulation; pan-NF-kB inhibitors
produce non-specific systemic immunosuppression, which largely impedes their long-term clinical usage. Such inherent
defects partially explain why few relevant candidates have successfully advanced into late-stage clinical research for PD
treatment.

Challenges and Perspectives: Future Directions of Research on the SIP/
SPHKI-NF-kB Axis

Key Scientific Questions and Research Challenges
Although the central role of the SIP/SPHKI1-NF-xB axis in PD has been established, numerous critical scientific
questions remain to be addressed. The dynamic activation pattern and cell-specific regulatory mechanisms of the S1P/
SPHK1-NF-«kB axis at different PD stages (prodromal, early, and progressive stages) are unclear. The bidirectional
regulatory network linking the S1P/SPHK1-NF-kB axis with the gut-brain axis, peripheral immunity, and neuroendocrine
system lacks systematic investigation. The functional divergence and synergistic mechanisms of SPHK1/SPHK2 and
S1PR subtypes require further elucidation. Drugs targeting the S1P/SPHK1-NF-«xB axis face clinical translation bottle-
necks including blood-brain barrier permeability, central selectivity, and long-term safety. Standardized clinical detection
of S1IP/SPHK1-NF-«kB axis-related biomarkers and integrated diagnostic models have not yet been established.
Current research on the SIP/SPHK1-NF-«kB axis heavily relies on experimental animal models such as mice and
rats. However, significant species differences exist between rodents and humans in microglial phenotypes, sphingo-
lipid metabolic profiles, NF-kB regulatory networks, and blood-brain barrier composition, which severely limit
efficient translation from basic research to clinical practice. For instance, the basal expression and inflammatory
response patterns of SPHK1 in human microglia differ from those in mice, and the distribution ratio and signaling
coupling efficiency of human S1PR subtypes in the brain also diverge from those in model animals. Moreover, most
PD patients are elderly with multiple comorbidities, and their systemic metabolism and peripheral inflammation
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differ substantially from the standardized backgrounds of experimental animals. Consequently, several SPHK1
inhibitors and S1PR modulators effective in animal models have failed to achieve expected neuroprotective out-
comes in clinical trials. Therefore, future studies should strengthen research based on human induced pluripotent
stem cell-derived dopaminergic neurons and microglia, brain organoids, and non-human primate PD models to more
realistically mimic human pathological conditions and improve the clinical translation rate of axis-targeted drug
development.

Future Research Directions and Cutting-Edge Perspectives

Future research may leverage cutting-edge technologies such as single-cell RNA sequencing, spatial transcriptomics, and
in situ hybridization to conduct spatiotemporal dynamic single-cell analyses of the S1P/SPHK1-NF-kB axis. This will
enable systematic dissection of its spatiotemporal activation patterns across different brain regions, microglial subsets,
and neuronal subsets in PD, and precisely clarify its dynamic regulatory role in the pathological propagation of a-syn.
Meanwhile, in-depth investigations into the molecular mechanisms of the gut-brain axis are warranted, focusing on the
bidirectional regulation between the intestinal SPHK1-NF-xB axis and its central counterpart, defining the key roles of
gut microbiota, intestinal inflammation, and the vagus nerve in axis activation and pathological signal transmission, and
developing targeted intestinal intervention strategies accordingly.

In drug development, based on the structural biology of SPHK1, S1PR, and NF-xB, small-molecule inhibitors with
high selectivity, favorable blood-brain barrier permeability, and microglia specificity, as well as targeted delivery
systems, should be designed, and Phase I-II clinical trials of relevant candidate drugs steadily advanced. For clinical
translation, a standardized detection system for axis-related biomarkers in cerebrospinal fluid and blood should be
established, and a multi-marker integrated diagnostic model for early PD diagnosis, dynamic disease monitoring, and
prognostic evaluation constructed in combination with dopamine transporter imaging and clinical functional scores.
Furthermore, stratified therapy should be explored according to differences in patients’ genetic backgrounds, axis
activation levels, and inflammatory phenotypes, ultimately achieving individualized precision application of drugs
targeting the SIP/SPHK1-NF-«B axis.

Conclusion

Collectively, abundant preclinical studies indicate aberrant S1P/SPHK1-NF-«B signaling is closely involved in PD-
associated neuroinflammation and dopaminergic neuronal loss. Despite encouraging pharmacological outcomes
observed in cell and animal models, multiple unresolved challenges restrict its clinical transformation, including
inherent defects of experimental animal systems, inconsistent research findings across different laboratories, prominent
interspecies gaps between rodents and human patients, and unsatisfactory results of related candidate drugs in early
clinical trials. Current evidence cannot rule out that abnormal activation of this signaling cascade may serve as
a secondary pathological response rather than an initial pathogenic trigger in sporadic PD. Therefore, further human
tissue-based investigation and well-designed clinical researches are required to validate its therapeutic potential, and
targeted medications derived from this axis remain only preliminary preclinical candidates pending more rigorous
verification before clinical application.
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